hierarchy of targets for IR-induced reproductive cell death, DNA must surely be placed at the top.' The field of radiobiology is built on such assertions, found or inferred in virtually all publications that deal with this subject. Yet, the pathway connecting IR with endpoint biological damage is far from clear, largely because the identity of the first critical molecular targets is still not established. Much evidence has accumulated that is not readily explained by classical radiation toxicity models. Among these heretical results for prokaryotes are extreme radiation sensitivities observed in bacteria which encode and express a complement of DNA repair and protection systems (Daly et al., 2004) ; for eukaryotes, IR-induced bystander effects. Our current results support that protein is the main cellular target of the biological action of IR in bacteria.
We have reported four surprising and novel experimental results, which are framed within the context of a new view of IR resistance emerging for bacterial cells (B.2.B): (i) Whereas a given dose of IR causes very similar DNA damage in different bacteria, this is not the case for proteins. We have shown a strong correlation between IR-induced protein damage and bacterial IR resistance; (ii) Under anaerobic conditions, we have identified and quantified a Mn(II)dependent mechanism of IR-driven dioxygen (O 2 ) and hydrogen peroxide (H 2 O 2 ) generation, and showed that radioresistant Mn-accumulating bacteria display the hallmarks of Mn(II,III) redoxcycling observed in vitro; (iii) Our findings support that Mn redox-cycling protects proteins from superoxide during in vivo irradiation, where inhibition of Mn-cycling leads to IR sensitivity and high levels of oxidative protein damage; and (iv) using a recently developed micro(spectro)scopic approach, we revealed an unusual distribution of Fe and Mn in D. radiodurans cells, which could forestall the generation of reactive oxygen species (ROS) during irradiation. In summary, the possibility that DNA is not the first major class of molecules damaged by IR and other oxidative stress conditions warrants careful investigation, especially as it may come to affect estimates of risk, models of IR-induced toxicity, and approaches to modulating IR resistance in prokaryotes. A review discussing the possibility of modulating Mn and Fe homeostasis as a mechanism to increase the resistance of bacteria and eukaryotes has been published (B.2.C).
Transcriptome Analyses of Irradiated D. radiodurans and Shewanella oneidensis
We previously investigated the possibility that extreme IR resistance in D. radiodurans is determined by novel genes. At least 20 predicted genes of D. radiodurans, which were identified by transcriptional profiling following IR as the most highly induced, have been disrupted and the corresponding mutants have been characterized for IR resistance (http://www.usuhs.mil/pat/deinococcus/index_20.htm). Remarkably, the resistances of these novel mutants remained very high, indicating that survival of irradiated D. radiodurans might depend on a relatively conventional set of repair functions. Additionally, the transcriptome studies indicated that following irradiation, additional cellular damage might be prevented by attendant cellular responses that minimize the production of metabolism-induced ROS.
To identify cellular determinants of radiation sensitivity, we subjected S. oneidensis to transcriptome analyses following IR and compared the expression profiles to those of irradiated D. radiodurans (B.2.D). In summary, approximately 80% of S. oneidensis cells were killed following exposure to just 40 Gy, which causes less than 1 DNA double stranded break (DSB) per genome (5.1 Mbp) and about 40 DNA single stranded (SSB) breaks per genome. In light of the strong induction of DNA repair and protection systems in irradiated S. oneidensis, the relatively minor DNA damage did not explain the high levels of cell-killing. As a respiratory generalist S. oneidensis, in contrast to D. radiodurans, is rich in iron containing proteins required for anaerobic respiration, (B.2.C). We concluded that a sudden increase of free iron due to protein damage could have proliferated ROS in S. oneidensis during and after irradiation, thereby predisposing S. oneidensis cells to a burst of oxidative stress at the onset of recovery. Furthermore, we showed the induction of genes for lytic phages in S. oneidensis, indicating that viral-induced cell death might have contributed to radiation toxicity. However, the analysis of two other Shewanella species, now shown not to encode prophages or other known viruses (unpublished data), were similarly sensitive to IR (B.2.D). Thus, virus-induction in S. oneidensis likely has only a small affect on survival following irradiation to IR or UV radiation (B.2.D).
The Role of Metal Reduction in Mn-Dependent Deinococcal Species
D. radiodurans and Deinococcus geothermalis are able to reduce colloidal Mn(IV), presumably as a mechanism to acquire Mn(II) from the environment (Ghosal et al., 2005) . We are currently testing if activities involved in Mn reduction are also responsible for the reduction of U(VI), Tc(VII) and Cr(VI) by D. radiodurans and D. geothermalis. Genetic disruption of the predicted metal reduction (e.g., cytochrome C-related protein, DR01936) and Mn transport systems (e.g., Nramp, DR1709) of D. radiodurans is underway. However, with the exception of a putative Mn uptake regulator TroR (DR2539), gene knockouts have not yet yielded pure mutants, indicating that Mn-homeostasis genes are very important to D. radiodurans. As part of this work, we are in the final stages of annotation and analysis of the D. geothermalis genome, which represents the forth major sequencing/annotation project supported by members of the USUHS group (D. radiodurans, Clostridium acetobutylicum, Thermus thermophilus (B.2.A) and D. geothermalis (B.2.E). DOE's Joint Genome Institute (JGI) informed us in April 2006 that full assembly of the whole genome sequence of D. geothermalis (DSM11300) is now complete (B.2.E). Our whole genome comparisons between D. radiodurans and D. geothermalis have helped delineate the genes involved in metal reduction and Mn assimilation, with our findings to be submitted for publication in August, 2006.
Engineered Deinococcus Strains as Models for Bioremediation
Our collection of >110 aerobic heterotrophic bacteria isolated from beneath tank SX-108 (Fredrickson et al., 2004) has expanded to include other interesting isolates from surface soil environments at the Hanford Site. To date, they include D. radiodurans, D. murrayi, S. sonorensis, D. maricopensis and D. proteolyticus, as well as numerous highly resistant nondeinococcal bacteria. Most interestingly, a strain of Kocuria rosea displays luxuriant growth on toluate (m-methylbenzoate) and related compounds as the sole carbon source under chronic IR (50 Gy/hour). As part of this project, we will continue to examine the metal-reducing and aromatic compound-degrading abilities of these Hanford Site strains. While no Hanford Site microorganism has yet been isolated which can couple metal-reduction with toxic organic compound degradation under radioactive conditions, we have succeeded in genetically engineering such Deinococcus strains (B.2.F), and others which reduce Hg(II) (B.2.G). Importantly, these engineered strains are serving as models for comparison with native Hanford Site bacterial isolates now under investigation.
